We have found experimentally that it is possible to restore the high spatial frequency of optical images by using stimulated Brillouin scattering ͑SBS͒ with a prepulse. The Stokes wave usually has to lose the high spatial frequency because of the necessary energy to generate the acoustic grating. However, this problem has been resolved by using a prepulse method. We have achieved an amplitude increase of ϳ41% compared to the normal SBS scheme at a spatial frequency of ϳ0.027 mm −1 . This method is easy to apply to a system using the optical image by the SBS process. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3042101͔
In a variety of areas, methods to utilize optical images have been developed and applied. The application fields include industry, medical science, engineering, and so on. Recently, stimulated Brillouin scattering ͑SBS͒ has been used for diverse purposes, 1 such as high power laser systems, [2] [3] [4] pulse compression, 5 optical fibers, and as a candidate for application to optical imaging. The SBS generates phaseconjugate waves, and the waves naturally recover to their original states from the distorted states. [6] [7] [8] However, despite these advantages, the high frequency of the input signals generally cannot be recovered because of the existence of a threshold value for the SBS process. Some of the energy of the input pulse has to consume its own energy to build up the acoustic grating so that the high frequency of the input pulse will vanish faster than the low frequency. In this paper, however, we have succeeded in reviving the high spatial frequency terms of the input signals by using a prepulse, although the experimental setup is basically based on the normal SBS scheme.
Regarding the SBS process, it is known that Brillouinenhanced four-wave mixing ͑BEFWM͒ 9-13 may also be a helpful method for image restoration. BEFWM involves four waves, including forward-going pump waves, backwardgoing pump waves, incoming signal waves, and phaseconjugate waves. The backward-going pump and the incoming signal waves generate the acoustic grating after beating these two beams and the electrostriction effect.
14 The forward-going pump waves are scattered from this acoustic grating to eventually generate the phase-conjugate waves. Thus, as a result, the high spatial frequency of the signals can be recovered more effectively than in the normal SBS process. Additionally, BEFWM usually requires the decoupling of the polarization or frequency of the forward-and backward-going pump waves to prevent any interaction between them.
In comparison with BEFWM, the proposed prepulse method involves three pulses, including prepulses, main pulses, and phase-conjugate pulses. The acoustic grating is created by the prepulses. The main pulses are scattered from this acoustic grating to produce the phase-conjugate waves. Thus, recovery of the high spatial frequency of the main pulse can occur. It is also important to note that the involved beams in the prepulse scheme are independent of the polarization state since the acoustic grating can be generated by only one pulse, the prepulse.
From the experiment, when using the prepulse technique, an amplitude increase of ϳ41% has been achieved when compared with the normal SBS scheme at the spatial frequency of ϳ0.027 mm −1 . In this paper, a BEFWM technique has been additionally examined 12, 13 compared to the prepulse technique and practically the same increase of ϳ41% has been measured at the same spatial frequency.
The scheme of the proposed prepulse setup is presented in Fig. 1͑a͒ . The input pulse from the Nd 3+ : YAG ͑YAG denotes yttrium aluminum garnet͒ laser oscillator is longitudinally single mode and linearly polarized. The repetition rate is 10 Hz, and the full width at half maximum of the pulse is ϳ8 ns. We expand the beam size from 8 mm of beam diameter to 24 mm by using the planoconcave lens, L1 ͑f =−5 cm͒, and planoconvex lens, L2 ͑f =15 cm͒, to avoid damaging the mask. The expanded beams are split into two paths, path 1 and path 2, after polarizing beam splitter 1 ͑PBS1͒. The ratio of the two beams can be adjusted by using the half-wave plate ͑HWP͒ since the PBSs reflect S polarization and pass P polarization. There is a time delay of 5 ns between the pulses passing paths 1 and 2. The prepulse that passes through the PBS2 is imaged by the mask, and its energy is set to ϳ6 mJ. The pattern of the mask is shown in Fig. 2͑a͒ . The size of the tested pattern is about 2-2.7 mm. The main pulses that are reflected at the PBS2 are imaged by the mask, and its energy is ϳ10 mJ. The prepulse arrives at the SBS-phase-conjugate mirror ͑SBS-PCM͒ before the main pulses since there is a time delay between the main pulse and prepulse. The planoconvex lens, L3 ͑f =15 cm͒, is used to raise the intensity for the SBS process. FC75 ͑3M company͒ fluid, whose phonon decay time is about 0.9 ns, has been used as the SBS medium, 15 and its cell length is 30 cm. The effect of the prepulse will be affected according to a time delay between the main pulse and prepulse. 16 If a time delay between the pulses is too short, some portions of the main pulse energy should be consumed to build the acoustic grating. On the other hand, if a time delay between the pulses is too long, the acoustic grating disappears before the main pulse arrives at the SBS interaction region.
Through the proposed setup, the prepulse generates the acoustic grating at the SBS-PCM in advance before the ar-rival of the main pulse. Thus, the main pulse can be reflected from the pregenerated acoustic grating. In this case, the main pulse does not need to consume its own energy to generate the acoustic grating. The Stokes pulse, which is generated from the main pulse, is reflected at the PBS3 and is detected on the phase-conjugate plane by the charge coupled device ͑CCD͒ camera ͑Coherent, series 7290͒, whose effective pixel spacings are x = 32.6 m and y = 38.7 m. Meanwhile, the Stokes pulse from the prepulse simply passes the PBS3 since it has P polarization. The wedge is for partial reflection to avoid optical damage to the CCD camera.
In addition to the system using a prepulse, the BEFWM arrangement has been examined 12, 13 by the setup as presented in Fig. 1͑b͒ for comparison with the system using a prepulse. Initially, the forward-going pump pulses of ϳ20 mJ are P polarized, and the signal pulses of ϳ6 mJ are S polarized after PBS2. In this setup, FC75 fluid has also been used as the four-wave mixing ͑FWM͒ cell and the SBS medium, 15 and the beam size is reduced before the FWM cell to increase the intensity by using a planoconvex lens, L4 ͑f =25 cm͒, and planoconcave lens, L5 ͑f = −7.5 cm͒. The fast axis of the quarter-wave plates, QWP1 and QWP2, has been adjusted to +45°and −45°, respectively. These adjustments of QWP1 and QWP2 prevent the interaction between forward-and backward-going pump pulses whose initial states are P polarization but allow the beating between the backward-going pump pulses that have P polarization and the signal pulses that have S polarization. The signal pulses, which transmit through the FWM cell, are reflected at the PBS4. The image is detected on the phase-conjugate plane by the CCD camera. Figure 2͑a͒ shows the mask pattern tested in this experiment. Figures 2͑b͒-2͑d͒ present the detected images on the phase-conjugate plane. For designs using a prepulse, Fig.  2͑b͒ corresponds to the image of the phase-conjugated pulse when the prepulse is not applied, and Fig. 2͑c͒ shows the situation when the prepulse is applied. Between the two figures, it is apparent that the image has become clearer in the prepulse case than the case without prepulse. Thus, it is expected that the image that is assisted by the prepulse has stronger amplitude at a higher spatial frequency. This is because the prepulse plays a role as a generator for the acoustic grating. Thus, the main pulse can reflect from the acoustic grating, which is precreated by the prepulse. As a result, the threshold value for the SBS process becomes lower than the normal case, the case with no prepulse; the vanishing of the high frequency is mainly due to the existence of the SBS threshold value. Figure 2͑d͒ presents an image of the phaseconjugated pulses when the BEFWM design is applied. Similarly, it is found that the image in Fig. 2͑d͒ is clearer than the image of the normal SBS case presented in Fig.  2͑b͒ ; the case with no prepulse is simply the normal SBS case.
By means of Fourier transform, the diffraction patterns corresponding to the mask pattern and respective images in Fig. 2 have been obtained. Figure 3͑a͒ shows the diffraction pattern for the mask. Figure 3͑b͒ shows the diffraction pattern of the reflected pulse for the normal SBS case, and Fig.   FIG. 1 . ͑a͒ Experimental setup for the prepulse scheme and ͑b͒ experimental setup for the BEFWM scheme: PBSs, polarizing beam splitters; HWP, half-wave plate; QWPs, quarter-wave plates; L1 and L5, planoconcave lens; L2, L3, and L4, planoconvex lens; Ms, mirrors; W, wedge; FWM cell ͑FC75, 50 cm long͒; SBS-PCM ͑FC75, 30 cm long͒.
FIG. 2. ͑a͒
Pattern of the mask, ͑b͒ image without prepulse, ͑c͒ image with prepulse, and ͑d͒ image with BEFWM.
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Beak et al. Appl. Phys. Lett. 93, 231113 ͑2008͒ 3͑c͒ shows the case in which the prepulse is injected. Figure  3͑d͒ corresponds to the diffraction pattern of the phaseconjugated pulses in the case of the BEFWM design. From Figs. 3͑b͒-3͑d͒, it is observed that the high frequency survives more effectively when the prepulse technique or BEFWM technique is applied. The analysis of the images is carried out by scanning the vertical line of the respective diffraction pattern. The results are presented in Fig. 4 . The graph indicated as "Mask" shows the simulation amplitudes versus the spatial frequencies for the tested mask. This graph is presented with other graphs, which are analyzed from the experimental results. The amplitudes at zero frequency are normalized to 1, and then the higher frequency terms are compared to each other. As shown in Fig. 4 , the normalized amplitudes are ϳ0.61 for the mask, ϳ0.38 for the prepulse injection case, ϳ0.38 for the BEFWM case, and ϳ0.27 for the normal case at the highest peak of the spatial frequency of ϳ0.027 mm −1 , except zero frequency. As a result, by the application of the prepulse, it is experimentally achieved that the normalized amplitude becomes stronger as ϳ141% ͑0.38/0.27͒ than the normal case. This is practically the same value as ϳ141% ͑0.38/0.27͒ for the BEFWM setup. Eventually, we found that the imaging with the prepulse is more effective than the normal SBS case to restore the high spatial frequency terms of the image.
In conclusion, it has been shown experimentally that the prepulse technique is quite useful for restoring the high spatial frequency of optical images. The normalized amplitude versus the spatial frequency has been analyzed by means of Fourier transformation. Although the normalized amplitude shows 0.27 for the normal SBS process, this value has become as strong as 0.38 when prepulse is injected at a spatial frequency of ϳ0.027 mm −1 . Therefore, the amplitude has been increased by ϳ41% ͓͑0.38-0.27͒/0.27͔ compared to the normal SBS process. This is practically the same value for BEFWM setup, although the prepulse setup is simpler to design. This work physically proves that the spatial frequency can be restored by not losing its energy to generate the acoustic grating by prepulse. This method is relatively simple so that most systems using the optical image by the SBS process can easily make use of this technique. FIG. 3 . ͑Color online͒ Diffraction patterns of the images: ͑a͒ the mask, ͑b͒ the normal SBS scheme, ͑c͒ the prepulse SBS scheme, and ͑d͒ the BEFWM scheme.
FIG. 4.
Normalized frequency spectra of the images with the prepulse, without the prepulse, and with the BEFWM scheme.
